The linear magneto-optical Kerr effect (MOKE) is often used to probe magnetism of ferromagnetic materials, but MOKE cannot be applied to collinear antiferromagnets (AFs) due to the cancellation of sub-lattice magnetization. Magnetooptical constants that are quadratic in magnetization, however, provide an approach for studying AFs on picosecond time scales. Here, we combine transient measurements of optical reflectivity and birefringence to study the linear optical response of Fe 2 As to small ultrafast temperature excursions. We performed temperature * schleife@illinois.edu dependent pump-probe measurements on crystallographically isotropic (001) and anisotropic (010) faces of Fe 2 As bulk crystals. We find the largest optical signals arise from changes in the index of refraction along the z-axis, i.e. perpendicular to the Néel vector. Both real and imaginary parts of the time-resolved optical birefringence rotation signal approximately follow the temperature dependence of the magnetic heat capacity, as expected if the changes in dielectric constants are dominated by contributions of exchange interactions to the dielectric constant. We conclude that under our experimental conditions, changes in the exchange interaction contribute more strongly to the temperature dependence of the magneto-optic constants than the Voigt effect.
Introduction
Antiferromagnetic materials are under intense investigation as a new generation of spintronic materials because of their robustness to external magnetic fields and ultrafast dynamics, as it manifests itself, for instance, in a higher resonance frequency, compared to ferromagnets (1) (2) (3) (4) (5) . Characterization of the structure and dynamics of the magnetic order parameter is essential for spintronics research but is difficult to achieve in antiferromagnets (AFs). Magneto-optical effects are often a valuable tool for probing magnetic order; for example, much of what is known about the dynamics of ferromagnetic and ferrimagnetic materials comes from studies that make use of the linear magneto-optical Kerr effect (MOKE) (6, 7) . Linear MOKE is also an essential tool for imaging the structure of magnetic domains (6, 8) . For AFs, however, applications of linear MOKE have been mostly limited to weak ferromagnetism due to canted magnetic moments, e.g., in orthoferrites (9) . More recently, relatively large linear magneto-optic effects were also observed in the non-collinear AF Mn 3 Sn (10, 11).
Compensated AFs are typically probed using interactions that are quadratic in the magnetization, since the linear magnetization itself vanishes. For example, anisotropic magnetoresistance (AMR) depends on contributions to electronic relaxation times that are quadratic in magnetization; AMR is commonly used in studies of ferromagnetic materials and is sensitive to the domain structure of antiferromagnetic materials (12) . More recently, AMR was used to read the spin configuration of antiferromagnetic CuMnAs (13) and Mn 2 Au (14) . At x-ray wavelengths, magnetic linear dichroism (XMLD) is also quadratic in the magnetization is often used to probe the anisotropy of charge distributions (15) .
Magnetic birefringence refers to anisotropies in the optical frequency dielectric constants that are generated by terms that are second order in the magnetization. Since the dielectric constant and the second order terms of magnetization are both second rank tensors, the quadratic magneto-optic coefficients are a fourth rank tensor. Magnetic birefringence has been widely used in studies in optically transparent AFs (16) and ferromagnetic garnets.
In 2017, Saidl et al. (17) reported their studies of the time-resolved magneto-optic response of AF CuMnAs to a large temperature excursion, ∆T ∼100 K. CuMnAs films were grown epitaxially on GaP(001) substrates with the z-axis, which is the hard magnetic axis of CuMnAs, parallel to the surface normal. The magnetic structure of tetragonal CuMnAs has two degenerate magnetic domains with perpendicular Néel vector in the x-y plane. For a 10 nm thick CuMnAs layer, the authors observed a rotation of the polarization of the optical probe beam that is consistent with the expectation of an optical response that is quadratic in magnetization, ∆θ ∝ sin 2α, where α is the angle between the Néel vector and the light polarization.
In our work, we studied transient changes in the optical frequency dielectric constants of the metallic AF Fe 2 As, produced by a small temperature excursion of ∆T ∼3 K. We acquire data for changes in birefringence and reflectivity produced by this temperature excursion using techniques that we refer to as time-domain thermo-birefringence (TDTB) and time-domain thermo-reflectance (TDTR). TDTB and TDTR signals are acquired using a pump-probe apparatus based on a high repetition rate Ti:sapphire laser oscillator operating at a wavelength near 785 nm.
Fe 2 As crystallizes in the Cu 2 Sb tetragonal crystal structure with easy-plane magnetization as shown in Fig. 1a (18) . Based on the corresponding magnetic symmetry (mmm1' magnetic point group), the Néel vector of Fe 2 As has two degenerate orientations in the 100 and 010 directions. Hence, on length scales large compared to the domain size, the dielectric constant in the x-y plane is isotropic. We indeed do not observe a significant TDTB signal for the (001) surface of Fe 2 As; however, on the crystallographically anisotropic (010) surface of the tetragonal crystal, we observed a strong TDTB signal for light polarized at an angle of 45
• between the x and z axis of the crystal. We gain complementary insight by measuring the TDTR signals for light polarized along the x and z axes.
Typically, the dominant contribution to the magnetic birefringence of ferromagnetic materials is the Voigt effect, where only the components of the dielectric tensor parallel to the magnetization are affected (19, 20) . However, as we discuss below, our data implies ∆ε ⊥ ∆ε and the dependence of the TDTB signal on the sample temperature closely resembles the temperature dependence of the magnetic heat capacity, supporting a direct connection between exchange energy and dielectric constant. Hence, if we assume that magnetization is the only cause for a temperature dependence of the dielectric constant, we conclude that, in Fe 2 As, the quadratic magnetization term contributes most strongly to the dielectric constant perpendicular to the Néel vector, implying that the Voigt effect is not the major contribution to the TDTB signal of Fe 2 As.
Our experiments also provide insight into the ultrafast magnetization dynamics of Fe 2 As. Furthermore, by comparing the changes in the magneto-optical response at short and long time-scales, we evaluate the importance of magnetostriction to magnetic birefringence.
Results

Optical and thermal properties
First, we discuss measurements of refractive index, electrical conductivities, heat capacity, and thermal conductivities of Fe 2 As. We use the refractive index to describe the optical properties of the material and to relate thermo-reflectance and thermo-birefringence. We measure the heat capacity and decompose it into electron, phonon, and spin contributions; this allows us to compare the magnetic heat capacity to temperature dependent TDTB, see Fig. 6 . From the heat capacity and thermal conductivity, we model the time-evolution of the temperature excursion created by the pump optical pulse. Finally, the combination of the measured electrical conductivity and the Wiedemann Franz law allows us to separate the electronic and lattice contributions to the total thermal conductivity.
We prepared mm-sized Fe 2 As crystals by growth in quartz tubes from elemental Fe and As and the use of I 2 as a transport agent, see Methods. The equivalence of the x-axis and y-axis was demonstrated in prior work by neutron diffraction (18, 21) and torque magnetometry data (22) . Based on first-principles density functional theory (DFT) calculations, the ground-state lattice parameters are 3.624Å and 5.860Å along the x and z direction, respectively, consistent to with in 2% with powder X-ray diffraction measurements at room temperature, which yield 3.628Å and 5.978Å. The magnetic unit cell used in the calculation is twice as long in the z direction. The Néel vector in ground-state DFT calculations is oriented along the x direction of the lattice. We confirmed the easy-plane magnetic structure by measuring the temperature dependent magnetic susceptibilities along the x and z crystallographic directions with a vibrating sample magnetometer.
In the absence of magnetic order, the dielectric tensor of a tetragonal crystal is isotropic in the x-y plane. However, if the Néel vectors are ordered in the x-y plane, the dielectric constant is anisotropic on length scales smaller or comparable to the characteristic size of the magnetic domains. We expect that different magnetic domains are approximately randomly oriented along the x and y directions and that our laser beam size is large compared to the domain size. Therefore, the dielectric constant we measure in the x-y plane is isotropic.
An effective isotropic refractive index of Fe 2 As was measured by ellipsometry of the (001) and (010) We computed the electronic density of states using Mermin DFT (24) and finite electronic temperatures between 0 K and 400 K, see Fig. 3a for 300 K. From this data we calculate the electronic heat capacity C e and electronic specific heat γ=7.
Finally, we assume that the magnetic heat capacity is given by the difference between the total heat capacity and the sum of the lattice and electronic heat capacities, C m = C tot − C p − C e . Because lattice heat capacity dominates the total heat capacity except at very low temperatures, small errors in the measurement or the calculation of the phonon heat capacity produce large uncertainties in the magnetic heat capacity. We do not yet understand the origin of the small peak in the heat capacity data near 110 K.
We also measured the thermal conductivity of Fe 2 As normal to the (001) and (010) faces of the crystal using conventional TDTR measurements and modeling as shown in Fig. 2b. An 80 nm thick Al film was sputtered on the sample to serve as the optical transducer in the thermal conductivity measurement. We determined the thermal conductivity by fitting the data to a multilayer thermal model (25) . The electrical contribution to the thermal conductivity was estimated by using the combination of the WiedemannFranz law and the measured electrical resistivity. The thermal conductivity shows a small anisotropy at T > 300 K (see Fig. 2b ) and the contributions to the thermal conductivity from phonons and electronic excitations are comparable. The phonon contribution, i.e.
the difference between the measurement and the electronic contribution, is approximately 3.6 W K −1 m −1 and independent of temperature.
Time-domain thermo-birefringence and time-domain thermoreflectance
In our experiments we probe changes in the optical constants of For both TDTB and TDTR, the strongest signals we have observed are for pump and probe beams at normal incidence on the crystallographically anisotropic (010) surface of Fe 2 As. The combination of TDTR and TDTB measurements leads us to conclude that the response of the dielectric tensor to laser heating is much larger perpendicular to the Néel vector than parallel to the Néel vector.
The instrument we used for the measurements of Fe 2 As is the same as the instrument that we use for conventional TDTR measurements of thermal transport and time-resolved magneto-optical Kerr effect (TR-MOKE) of magnetization dynamics and thermally-driven spin generation and transport (26, 27) . • from the x axis. Corresponding TDTR data for a bare Fe 2 As (010) face, i.e. uncoated by a metal, is shown for the two orthogonal polarizations in Fig. 5a .
Optical reflectance is the ratio of the intensity of the reflected electrical field to the intensity of the incident electric field: R z = |r zz | 2 and R x = |r xx | 2 where r zz and r xx are the Fresnel reflection coefficients for light polarized along the z and x directions, respectively.
r ii = (n ii − 1)/(n ii + 1) where n ii are diagonal elements of the optical index of refraction tensor; and n 2 ii = ε ii where ε ii are diagonal elements of the dielectric tensor.
The birefringence of Fe 2 As is relatively small. We therefore define average quantities n = (n xx + n zz )/2;ε =n 2 ; andr = (n − 1)/(n + 1). The complex rotation of the polarization of the reflected probe light is then
We use Eq. 1 to relate the polarization rotation angle and differences in the index of refraction or differences in the dielectric constants. We evaluate Eq. 1 Using the measured refractive index n = 2.9+i3. We note that the difference in the TDTR measurements along x and z closely resembles the real part of the TDTB signal (∆θ). This is because the linear coefficients of the transient changes in the components of the dielectric tensor that contribute to ∆R xx − ∆R zz are approximately twice the linear coefficients of the transient changes in the components of the dielectric tensor that contribute to ∆θ. In other words, ∆θ
Alternatively, if we write the complex TDTB signal as an amplitude and phase in the form ∆Θ = |z|e iδ , the real part of the TDTB signal is ∆θ = |z| cos δ, while in TDTR measurement, ∆R z − ∆R x = 2|z|.
The per pulse heating, i.e., the temperature excursion produced by a single optical pulse of the pump beam, is ∆T (t) ≈ 3 K. Due to the small temperature excursion, the change in the sublattice magnetization ∆M is small compared to the sublattice magnetization M , except for T very close to T N . This justifies a description of the experiment in terms of linear response, except for T very close to T N .
Since the (010) face of a tetragonal crystal is fundamentally anisotropic, we cannot directly interpret the signals plotted in Fig. 4 as the result of changes in magnetization with temperature. There are, however, two aspects of the data that suggest a prominent role of magnetism and magneto-optic effects in the data. First, the real part of the TDTB signal (see Fig. 4a ), and the TDTR signal measured with the probe polarization along the z axis (see Fig. 5a ), show a significantly slower response when the sample temperature is close to the Néel temperature. The transfer of thermal energy in a magnetic material is often described by a three temperature model, in which energy is transferred between electrons, phonons, and magnons on ultrafast time-scales (6, 28) . Since the magnon contribution to heat capacity reaches a maximum value at T N , the temperature rise of the magnon system in response to heating of the electronic system by the pump optical pulse is expected to be slower at temperatures near the Néel temperature. We attribute the slower optical response at T ≈ T n to this effect and conclude that the real Second, the temperature dependence of the magnitude of the transient TDTB and TDTR signals at fixed time delays closely follows the magnetic heat capacity. In Fig. 6 , we compare the complex thermo-birefringence signals ∆Θ/∆T for the (010) plane of Fe 2 As and the magnetic heat capacity derived from C m = C tot − C ph − C e . We use TDTB data acquired at pump-probe delay times near 100 ps when the electrons, magnons, and phonons are in thermal equilibrium and the strain and temperature gradients within an optical absorption depth of the surface are small. As we discuss in more detail below, we expect that for a single mechanism, the magnetic contribution to the dielectric constant of an antiferromagnetic material will scale with the magnetic energy and, therefore, transient changes in the dielectric constant that are produced by a small temperature excursion will scale with the magnetic heat capacity C m . At T ≈ T N , we expect that ∆Θ/∆T will be more smoothly varying with T than C m because of the inhomogeneous temperature distribution across the lateral extent of the pump and probe beams.
In Fig. 6 we also include the temperature dependence of ∆θ measured on the crystallographically isotropic (001) plane. We consistently observe a small signal that is approximately independent of position. We believe there are two mechanisms that contribute to this null result. For the (001) plane of Fe 2 As, the two degenerate domain orientations should produce a cancellation of any TDTB signal when measured on a length scale large compared to the characteristic domain size. We have not yet determined the domain structure of our Fe 2 As crystals but evidence from related materials (29, 30) suggest that the domain size is typically in the sub-micron range while the 1/e 2 radius of the pump and probe laser beams is ≈ 5.5 µm. Furthermore, the lack of a significant TDTR signal for light polarized along 100 of the (010) face suggests that magnetic contributions to the ε xx and ε yy components of the dielectric tensor are small. We tentatively attribute the small Kerr rotation signal that we observe on the (001) face to a small, uncontrolled miscut of the sample, i.e., a small misorientation between the surface normal and the c-axis of the crystal.
Since both the real ∆θ and imaginary ∆κ parts of the TDTB signals measured on the (010) face have a temperature dependence that resembles the magnetic heat capacity, we conclude that both ∆θ and ∆κ have significant magnetic contributions. However, ∆θ and ∆κ do not have the same dynamics, see Fig. 4 . In the ∆θ data set, with the exception of data collected at T ≈ T N , the signal reaches a peak response at short delay times on the order of 1 ps. We interpret this signal as arising from the same type of out-of-equilibrium ultrafast demagnetization that is typically observed for ferromagnetic materials using pump-probe measurements of the polar or transverse magneto-optic Kerr effects. However, we cannot yet reliably distinguish between magnetic, electronic, lattice temperature, and lattice strain contributions to ∆θ or ∆κ. In the ∆κ data set, the signal reaches a peak response on a time-scale on the order of 10 ps. We interpret this time scale as characteristic of the time needed to fully relax the thermoelastic stress within the near surface region of the crystal that determines the reflection coefficients of the probe beam.
This interpretation is supported by the character of the TDTR signal measured on the (001) face, see Fig. 6 , that also includes a large variation in the signal at t < 20 ps.
In most studies of the optical properties of materials, the thermal expansion of the material contributes to the temperature dependence of the dielectric tensor. Our experiments take place in a different regime. Thermal stress is generated when the pump optical pulse is partially absorbed by the near-surface region of the sample. Thermal strain in the in-plane direction is strongly suppressed in a modulated pump-probe experiments because the thermal penetration depth, i.e., the depth of the heated region at the frequency of the pump modulation, is small compared to the lateral extent of laser spot. On the other hand, strain in the out-of-plane direction can contribute to the TDTB and TDTR signals.
The probe beam is sensitive to the dielectric tensor of the near-surface layer of the crystal that lies within an optical absorption depth of the surface. On this length scale, strain normal to the surface evolves on a time scale given by the optical absorption depth divided by the longitudinal speed of sound. The longitudinal speed of sound from our DFT calculations is ≈ 5 nm/ps. Therefore, the characteristic time-scale is ≈ 4 ps. At t 4 ps, strain normal to the surface is negligible; at t 4 ps, stress normal to the surface is negligible. On long time scales, the decay of the strain normal to the surfaces will follow the decay of the surface temperature as heat diffuses into the bulk of the sample.
Discussion
TDTB and TDTR signals are linearly related to transient changes in the dielectric constant, see Eq. 1. The dielectric constant tensor can be written as (31)
where the first term is the non-magnetic contribution to ε ij , and K ijk and G ijkl are the first-and second-order magneto-optic coefficients. Because the net magnetization is zero in a collinear AF, the linear term can be neglected here. In the following discussion,
we assume an equal population of magnetic domains with Néel vectors in the x and y directions. The magnetic contributions to the dielectric tensor are
We have adopted the Voigt notation with G 11 , G 12 and G 31 replacing G 1111 , G 1122 and G 3311 , respectively. For tetragonal symmetry,
Eq. 3, the labels i and j refer to sites on the magnetic sublattice within the magnetic unit cell, the notation S i x denotes the x component of the sublattice magnetization of the ith lattice site, and the brackets denote an average. We assume that there is no correlation in the sublattice magnetization along the z axis and therefore terms that involve S z average to zero.
The microscopic mechanisms that contribute to the quadratic magneto-optic coefficients G ijkl can be categorized in terms of the exchange interaction, the Voigt effect, and magnetostriction (16) . The Voigt effect only affects the value of G 11 ; the exchange interaction and magnetostriction contribute to all three coefficients G 11 , G 12 and G 31 . The magnetostriction contributions to G ijkl can be further divided into changes in the lattice parameters and changes of the atomic positions within a unit cell (32) .
In the TDTB measurement of (001) In the easy-plane of tetragonal AFs (or cubic AFs), the detection of quadratic magnetization can sometimes be used to image magnetic domains (33) , because the changes of Voigt terms and lattice parameter are coupled to magnetic anisotropy. In a previous study with tetragonal CuMnAs (17) , the large quadratic MOKE signal on the x-y plane demonstrates the usefulness of the Voigt effect for studying the magnetic domain structure of tetragonal CuMnAs. However, as discussed in more detail below, we find that the Voigt effect contribution to the magneto-optic coefficients is small for Fe 2 As and we have not yet been able to use TDTB signals to study the magnetic domain structure.
On the (010) were dominant, then we would expect G 11 G 31 (19, 20) . However, the TDTR data, see If we assume that only the sublattice magnetization contribution to the diagonal component of dielectric constant is temperature-dependent, the magneto-optical coefficient G 31 can be estimated by using the value of ∆ε zz and ∆(M 2 a ). We estimate ∆(M 2 a ) from our magnetic heat capacity data as described in the supplementary document.
Because the sublattice magnetization is always real, the magneto-optic coefficient G 31 is complex since ∆ε zz is a complex number. The magneto-optical coefficient
Inserting the value of the transient dielectric constant and the temperature excursion of 1.5 K at 100 ps and 293 K, we find
Finally, we compare the magnitude of our result for G 31 of Fe 2 As with the quadratic magneto-optic coefficients of several more commonly studied magnetic materials, see Ta 
Conclusion
In collinear antiferromagnetic materials, the quadratic magnetization contribution to the diagonal components of the dielectric tensor that are quadratic in sublattice magnetization can be probed with transient birefringence or reflectance measurement. In our measurement of time-domain thermo-birefringence (TDTB) and thermo-reflectance (TDTR) of Fe 2 As, we observe that the dominant response of the dielectric dielectric tensor is in the direction perpendicular to the Néel vector, counter to the conventional expectation based on the Voigt effect, which only contributes to the dielectric tensor in the direction parallel to the Néel vector. The temperature dependent TDTB signals closely follow the magnetic heat capacity, as expected if the exchange interaction is the dominant magnetic contribution to the dielectric tensor. Aftre comparing to other materials, we conclude that Fe 2 As has relatively large quadratic magneto-optical coefficient at 783 nm.
Materials and Methods
Single crystals of Fe 2 As were synthesized from the melt. Stoichiometric amounts of ele- Before optical measurements, the chunk Fe 2 As sample was polished along the (001) and (010) In TDTR measurements, the polarization is along x or z. In TDTB measurements, the polarization is at an angle of 45
• from the x axis. on the (010) face of Fe 2 As; and (b) the imaginary part of the TDTB signal. The temperature in the legend is the temperature of the sample stage; the spatially averaged temperature of the area of the sample that is measured in the TDTB experiment is the sum of stage temperature and the steady-state heating of 13 K. When stage temperature is at 338 K, the temperature of measured region of the sample is close to T N = 350 K. Empty symbols denote data acquired atT < T N ; filled circles are data for T > T N . We attribute the slower response at T ≈ T N to the peak in the magnetic heat capacity at T N . The comparison between temperature-dependent ∆Θ/∆T data and magnetic specific heat. All ∆Θ data were collected at 100 ps delay time. The linearity between birefringence and magnetic energy is based on the fact that ∆T is small. The ∆T is small but temperature dependent, so ∆T at 100 ps at different temperature is calculated to divide ∆Θ. The temperature of each data point is the temperature of the measured area. The real and imaginary part of TDTB measured at the (010) face have very similar temperature dependence as magnetic specific heat, which proves the exchange interaction contribution to the dielectric constant. The small TDTB signal along (001) face comes from miscut.
